Can Luminous, Rapidly Evolving Optical Transients be Explained by the
  Magnetar-powered Stripped Core-Collapse Supernova Model? by Wang, Shan-Qin et al.
ar
X
iv
:1
90
4.
09
60
4v
1 
 [a
str
o-
ph
.H
E]
  2
1 A
pr
 20
19
Draft version April 23, 2019
Preprint typeset using LATEX style emulateapj v. 12/16/11
CAN LUMINOUS, RAPIDLY EVOLVING OPTICAL TRANSIENTS BE EXPLAINED BY THE
MAGNETAR-POWERED STRIPPED CORE-COLLAPSE SUPERNOVA MODEL?
Shan-Qin Wang1,2, Ling-Jun Wang3, Long Li1, Zi-Gao Dai2,4, En-Wei Liang1, Yun-Wei Yu5,6,
and Alexei V. Filippenko7,8
1Guangxi Key Laboratory for Relativistic Astrophysics, School of Physical Science and Technology, Guangxi University, Nanning
530004, China; shanqinwang@gxu.edu.cn; lew@gxu.edu.cn
2School of Astronomy and Space Science, Nanjing University, Nanjing 210093, China; dzg@nju.edu.cn
3Astroparticle Physics, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
4Key Laboratory of Modern Astronomy and Astrophysics (Nanjing University), Ministry of Education, China
5Institute of Astrophysics, Central China Normal University, Wuhan 430079, China
6Key Laboratory of Quark and Lepton Physics (Central China Normal University), Ministry of Education, Wuhan 430079, China
7Department of Astronomy, University of California, Berkeley, CA 94720-3411, USA and
8Miller Senior Fellow, Miller Institute for Basic Research in Science, University of California, Berkeley, CA 94720, USA
Draft version April 23, 2019
ABSTRACT
Over the past decade, many rapidly evolving optical transients (REOTs), whose rise and decline
timescales are significantly shorter than those of canonical supernovae (SNe), have been discovered
and studied. Some REOTs have high peak luminosity (& 1043 erg s−1), disfavoring the radioactivity-
powered-SN model that has been widely adopted to explain normal SNe. In this paper, we study
three luminous REOTs (PS1-10bjp, PS1-11bbq, and PS1-13ess) and use a model involving magnetar
energy input to fit their bolometric light curves and temperature evolution. We find that core-collapse
SNe (CCSNe) powered by magnetars with P0 ≈ 18–34ms and Bp ≈ (2.5–5.8) ×10
15G can reproduce
their bolometric light curves as well as the temperature evolution. The inferred values of ejecta mass
are ∼ 0.40–0.46M⊙, slightly smaller than that of the Type Ic SN 1994I, indicating that they can be
explained by the magnetar-powered stripped CCSN model.
Subject headings: stars: magnetars – supernovae: general – supernovae: individual (PS1-10bjp, PS1-
11bbq, PS1-13ess)
1. INTRODUCTION
Over the past decade, various optical telescopes have
discovered many rapidly evolving optical transients
(REOTs; e.g., Matheson et al. 2010; Ofek et al. 2010;
Poznanski et al. 2010; Cenko et al. 2012; Drout et al.
2013, 2014; Arcavi et al. 2016; Shivvers et al. 2016;
Tanaka et al. 2016; Whitesides et al. 2017; De et al.
2018; Ho et al. 2018; Prentice et al. 2018; Perley et al.
2019; Pursiainen et al. 2018; Rest et al. 2018;
Rodney et al. 2018). While the rise and decline
timescales (. 10 d) of REOTs are shorter than those
of normal supernovae (SNe), their peak-luminosity
distribution spans a wide range(Drout et al. 2014;
Perley et al. 2019), from ∼ 1042 erg s−1 (which is
roughly equal to the peak luminosities of low-luminosity
SNe) to & 1044 erg s−1 (which reaches the luminosity
threshold of superluminous SNe (SLSNe; Quimby et al.
2011; Gal-Yam 2012).
Except for one kilonova (SSS17a/AT 2017gfo; e.g.,
Arcavi et al. 2017; Drout et al. 2017; Kasen et al. 2017;
Pian et al. 2017; Shappee et al. 2017; Smartt et al.
2017), which is thus far a unique object, and some
SNe of Type Ib (e.g., SN 2002bj, Poznanski et al.
2010), Type Ibn (e.g., SN 1999cq, Matheson et al. 2010;
SN 2015U, Shivvers et al. 2016) and Type IIn (e.g.,
PTF09uj, Ofek et al. 2010), which must arise from the
explosions of massive stars (see Filippenko 1997 and
Gal-Yam 2017 for reviews of SNe), the physical origin of
REOTs is still elusive, and many scenarios have been pro-
posed to account for their properties. Drout et al. (2013)
and Tauris et al. (2013) used the radioactivity-powered
(Arnett 1982) ultra-stripped SN model (Tauris et al.
2013, 2015; Moriya & Eldridge 2016; Moriya et al. 2017)
to explain the light curve (LC) of SN 2005ek. De et al.
(2018) found that the LC of iPTF14gqr can be ex-
plained by post-shock cooling plus the radioactivity
model. Kasliwal et al. (2010) suggested that SN 2010X
might be the accretion-induced collapse (AIC) of an
O/Ne/Mg white dwarf or a “.Ia” explosion produced
by the thermonuclear detonation of the helium shell on
a white dwarf (Shen et al. 2017). The shock-breakout
model (Ofek et al. 2010) has also been invoked to explain
the LCs of REOTs.
However, the radioactivity, AIC, and helium-
detonation models cannot explain luminous REOTs,
since the required mass of 56Ni is larger than the in-
ferred ejecta mass (see, e.g., Drout et al. 2014); alterna-
tive models must be considered.
Cenko et al. (2012) concluded that the short-lived, lu-
minous transient PTF10iya might be a tidal disruption
event (TDE) produced by a solar-type star that was dis-
rupted by a ∼ 107M⊙ black hole. Perley et al. (2019) ar-
gued that the fast, luminous, ultraviolet-optical transient
AT2018cow might be a TDE as well (see also the discus-
sion of Liu et al. 2018). Kashiyama & Quataert (2015)
proposed that a fallback disk around a stellar-mass black
hole produced by a massive star could power a luminous
REOT.
Yu et al. (2015) employed the merger-nova model
(Yu et al. 2013; Metzger & Piro 2014) to suggest that a
newly born magnetar from the remnant of the merger of
2a neutron star binary can significantly enhance the lumi-
nosity of the neutron-rich ejecta to fit the LCs, tempera-
ture evolution, and photospheric radius evolution of three
luminous REOTs (PS1-11bbq, PS1-11qr, and PS1-12bv)
discovered by Pan-STARRS1 (PS1). Brooks et al. (2017)
suggested that the explosions of long-lived (∼ 105 yr)
massive remnants of a He white dwarf and a C/O or
O/Ne white dwarf can account for the LCs of luminous
REOTs.
Hotokezaka et al. (2017) used the magnetar-powered
model (Kasen & Bildsten 2010; Woosley 2010) for the
nascent magnetars produced by ultra-stripped SN explo-
sions, boosting the luminosities of SNe to explain the
LCs of four REOTs reported by Arcavi et al. (2016).
Whitesides et al. (2017) adopted four different models
(radioactivity, magnetar, off-axis afterglow, and post-
shock cooling) to fit the LC of the luminous REOT
iPTF16asu, finding that all of them cannot fit the whole
LC well. Wang et al. (2017) used more complicated mod-
els (magnetar plus interaction model, etc.) to fit the LC
of iPTF16asu. Rest et al. (2018) concluded that the LC
of the luminous REOT KSN2015K cannot be explained
by radioactivity or a central engine (magnetar or black
hole), but it can be powered by the interaction between
the SN ejecta and circumstellar matter from pre-SN mass
loss.
In this paper, we investigate the possibility (Sec. 1)
that the bolometric LCs and temperature evolution of
three REOTs (PS1-10bjp, PS1-11bbq, and PS1-13ess)
discovered by PS1 can be explained by the magnetar-
powered SN model and constrain the model parameters.
We discuss the results and present our conclusions in
Sections 3 and 4, respectively.
2. MODELING THE LCS AND TEMPERATURE
EVOLUTION OF PS1-10BJP, PS1-11BBQ, AND PS1-13ESS
Here we fit the bolometric LCs and the temperature
evolution of PS1-10bjp, PS1-11bbq, and PS1-13ess by
assuming that they are CCSNe. Since the photospheric
radius is derived from the bolometric LCs and the tem-
perature, we do not fit the radius evolution.
As mentioned above, the 56Ni-powered model is disfa-
vored, since the ratio of the mass of 56Ni to the mass of
ejecta is too large to be consistent with theoretical ex-
pectations. Instead, we adopt a semianalytic magnetar
model developed by Wang et al. (2015a) and Wang et al.
(2016) to fit the LCs and temperature evolution. It has
seven free parameters: the optical opacity of the SN
ejecta κ, the ejecta mass Mej, the initial velocity of the
surface of the ejecta (scale velocity) vsc0, the magnetic
field strength Bp, the magnetar’s initial rotation period
P0, the gamma-ray opacity of magnetar photons κγ,mag,
and the moment of explosion texpl. Setting κ = 0.1 cm
2
g−1, we must constrain six parameters. To get the best-
fit parameters and the parameter ranges, we adopt the
Markov Chain Monte Carlo (MCMC) method.
The theoretical magnetar-powered LCs and tempera-
ture evolution are shown in Figure 1 and the correspond-
ing parameters are listed in Table 1. Magnetars with
P0 ≈ 18–34ms and Bp ≈ (2.5–5.8) ×10
15G can power
the bolometric LCs as well as the temperature evolution
of these optical transients.
The inferred values of the ejecta masses and velocities
are ∼ 0.40–0.46M⊙ and 7700–17,000km s
−1. The ejecta
masses are smaller than those of normal CCSNe as well as
SNe Ia, but larger than those of ultra-stripped CCSNe (∼
0.05–0.20M⊙; Tauris et al. 2013), indicating that these
luminous REOTs might be explained by stripped CCSNe
boosted by the nascent magnetars they created.
According to the equation EK0 = 0.3 Mejv
2
sc0, we cal-
culate the values of the initial kinetic energies of the
ejecta of these REOTs, ∼ 1.7× 1049–1.4× 1050 erg.
3. DISCUSSION
3.1. What Determines the Luminosity of a REOT?
If mass transfer in a binary system consisting of a he-
lium star and a compact companion (e.g., a neutron star)
strips the helium star, the star would became a stripped
core and explode as a stripped CCSNe with ejecta mass
. 0.5M⊙. By providing a detailed example, Tauris et al.
(2013) demonstrated that the mass-transfer process in a
binary consisting of a neutron star and a helium star can
produce a small, bare core of ∼ 1.5M⊙ that collapses
and produces a SN whose ejecta mass is only ∼ 0.1M⊙.
If the explosion leaves a normal neutron star, the SN
would be rather faint since the 56Ni yield must be less
than the ejecta mass. Recently, De et al. (2018) re-
ported photometric and spectral observations of REOT
iPTF14gqr, showing that it is a SN Ic. By modeling
the bolometric LC and analyzing the spectra, they found
that the early-time excess can be explained by the post-
shock cooling model involving an extended He-rich en-
velope heated by the SN shock, and the second peak of
the SN can be explained by the radioactivity model with
Mej ≈ 0.15–0.30M⊙ and MNi ≈ 0.05 M⊙.
However, if the SN creates a rapidly-rotating mag-
netar, the energy input from the newly-born magnetar
would significantly boost the luminosity of the SN, pro-
ducing a luminous or superluminous REOT/SN whose
peak luminosity can be significantly larger than that of
iPTF14gqr and similar events.
3.2. The Difference between Luminous Stripped CCSNe
and Merger-novae
In semianalytic models for optical transients, the pa-
rameter degeneracy between the optical opacity (κ) and
the ejecta mass (Mej) cannot be easily broken since the
bolometric LC and temperature evolution depend on
the combination κMej. For example, if the merger-nova
model is adopted, the values of κ and Mej can be (re-
spectively) set to 1–100 cm2 g−1, which is favored by nu-
merical simulations (e.g., Kasen et al. 2013; Arcavi et al.
2017) and 10−2–10−3M⊙, which is in the range of the val-
ues (10−3–10−1M⊙; e.g., Goriely et al. 2013; Piran et al.
2013) of the lanthanide-rich ejecta from a double neu-
ron star coalescence event. If, instead, the stripped
CCSN model is employed, these two parameters can be
0.1 cm2 g−1 and ∼ 0.4M⊙, respectively.
These two models would generate nearly the same
LCs and temperature evolution, and the tiny differences
caused by the acceleration effect of the central engines
(e.g., magnetars) could be easily eliminated by tuning
the parameters. This is why both of these models can ac-
count for the photometric observations of some luminous
REOTs (Yu et al. 2013 and this paper). To distinguish
between these two models, precise spectral observations
and analysis that can pose more stringent constraints are
3required.
4. CONCLUSIONS
PS1-10bjp, PS1-11bbq, and PS1-13ess are luminous
optical transients whose peak luminosities are compa-
rable to (or higher than) those of canonical SNe Ia and
normal SNe Ibc. However, they evolved rapidly, with rise
times of . 10 d. These two characteristics cannot be si-
multaneously explained by the radioactivity model that
has long been adopted to account for the LCs of SNe Ia
and normal SNe Ibc.
In this paper, we suppose that these REOTs are
stripped CCSNe, and the neutron stars they created are
rapidly-rotating magnetars that can boost the luminosi-
ties of these otherwise dim SNe. By modeling their LCs
and temperature evolution, we find that they might be
stripped CCSNe (the inferred ejecta masses are ∼ 0.40–
0.46M⊙) powered by nascent magnetars with P0 ≈ 18–
34ms and Bp ≈ (2.5–5.8) ×10
15G.
The best-fit ejecta masses of these luminous REOTs
(∼ 0.40–0.46M⊙) are slightly smaller than that of the
Type Ic SN 1994I (0.6+0.3
−0.1M⊙; Lyman et al. 2016). Our
modeling assumes that the value of the optical opacity
is 0.1 cm2 g−1. Adopting smaller values for the optical
opacity (e.g., 0.06 or 0.07 cm2 g−1), the inferred masses
would be larger, since the derived ejecta mass is inversely
proportional to the optical opacity (see, e.g., Wang et al.
2015b; Lyman et al. 2016). These results demonstrate
that these luminous REOTs might be SN 1994I-like
SNe Ic whose luminosities were boosted by nascent mag-
netars. While the lower limit of the ejecta mass is
∼ 0.2M⊙, which is in the range of the ejecta of ultra-
stripped CCSNe, the upper limit (∼ 0.65–0.78M⊙) is
comparable to that of normal SNe Ic. We can therefore
conclude that these luminous REOTs might be stripped
CCSNe whose ejecta masses are between those of ultra-
stripped CCSNe and normal SNe Ic.
Moreover, Lyman et al. (2016) found that the proba-
bility density function for SNe Ic peaks at Mej ≈ 0.5M⊙
and 2M⊙ (see Fig. 10 of Lyman et al. 2016). Hence, it
is reasonable to expect that stripped CCSNe with ejecta
masses ∼ 0.40–0.46M⊙ are commonplace. Provided that
a fraction of stripped CCSNe with Mej ≈ 0.5M⊙ create
rapidly spinning magnetars, the magnetars would signif-
icantly increase the luminosities of these SNe. The mass
transfer in a binary would spin-up the progenitor of the
ultra-stripped core and the resulting magnetars tend to
be rapidly spinning.
Although the theoretical LCs and temperature evolu-
tion curves reproduced by our model can mimic thhose of
the three luminous REOTs that we investigated, we cau-
tion that other models (merger-nova, TDE, white dwarf
merger, etc.) are also promising.
Future dedicated photometric and spectroscopic obser-
vations of luminous REOTs, as well as detailed mod-
eling of the LCs and spectra, might distinguish among
different models. For instance, since the progenitor of
an ultra-stripped CCSN must expel a large amount of
material that forms a wind or shells of gas, it can be
expected that the SN ejecta would collide with circum-
stellar matter and generate LC rebrightening and spec-
tral signatures indicating the interaction at early or late
epoches. If these features were found in the LCs and
spectra of a fraction of luminous REOTs, the “smoking-
gun” signatures that demonstrate the birth of luminous
ultra-stripped CCSNe would be caught. In contrast, if
the spectra of luminous REOTs resemble those of kilo-
novae or TDEs, we can infer that these luminous REOTs
might be merger-novae or TDEs. Radio, X-ray, and γ-
ray observations several years after the explosions could
also help probe the properties of the putative central en-
gines (normal neutron stars, magnetars, or black holes)
and determine their origin.
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Fig. 1.— The bolometric LCs (left panels) and the temperature evolution (right panels) of PS1-10bjp, PS1-11bbq, and PS1-13ess
reproduced by the magnetar model. Data are obtained from Drout et al. (2014). The abscissa represents time since the explosion in the
rest frame.
6TABLE 1
Parameters of the magnetar model for PS1-10bjp, PS1-11bbq, and PS1-13ess
κ Mej vsc0 Bp P0 log κγ,mag texpl
⋆
(cm2 g−1) (M⊙) (10
9 cm s−1) (1015 G) (ms) (cm2 g−1) (d)
PS1-10bjp 0.1 0.40+0.34−0.21 0.77
+0.18
−0.15 3.96
+0.99
−0.77 34.03
+4.55
−6.88 0.07
+1.31
−1.26 −2.40
+1.40
−0.87
PS1-11bbq 0.1 0.43+0.22−0.19 1.68
+0.22
−0.25 2.49
+0.95
−1.17 17.88
+1.34
−2.65 0.01
+1.33
−1.36 −2.73
+0.41
−0.50
PS1-13ess 0.1 0.46+0.32−0.27 0.91
+0.45
−0.28 5.79
+2.54
−2.35 23.97
+8.82
−9.45 0.04
+1.33
−1.31 −5.47
+2.42
−1.79
⋆The value of texpl is with respect to the date of the first photometric observation.
